As a histone variant, H2A.Z is highly conserved among species and plays a significant role in diverse cellular processes. Here, we generated genome-wide maps of H2A.Z in Oryza sativa (rice) callus and seedling by combining chromatin immunoprecipitation using H2A.Z antibody and high-throughput sequencing. We found a significantly high peak and a small peak of H2A.Z distributed at the 5 0 and 3 0 ends of highly expressed genes, respectively. H2A.Z was also associated with inactive genes in both tissues. H3 lysine 4 trimethylation was associated with H2A.Z deposition at the 5 0 end of expressed genes, and H3 lysine 27 trimethylation peaks were partially associated with H2A.Z. In summary, our study provides global analysis data for the distribution of H2A.Z in the rice genome. Our results demonstrate that the differential deposition of H2A.Z might play important roles in gene transcription during rice development.
INTRODUCTION
The dynamic regulation of chromatin structure is of primary importance in modulating genome activities in higher eukaryotes. Changes in chromatin structure can be achieved through histone modifications, DNA methylation, chromatin remodeling and the deposition of histone variant-related nucleosomes (Luger et al., 2012) . The histone variant H2A.Z is highly conserved among eukaryotes, from yeast to mammals to plants. Global profiles of H2A.Z and its species-dependent deposition have been extensively characterized in Saccharomyces cerevisiae (Raisner et al., 2005; Zhang et al., 2005; Albert et al., 2007) , Drosophila (Mavrich et al., 2008; Weber et al., 2014b) , mammals (Creyghton et al., 2008; Nekrasov et al., 2012; Hu et al., 2013; Mao et al., 2014) and Arabidopsis (Deal et al., 2007; Zilberman et al., 2008; Coleman-Derr and Zilberman, 2012; Yelagandula et al., 2014) . H2A.Z has multiple roles in regulating transcription depending on whether its primary function is based at the promoter, the transcription start site (TSS) or in the gene body. H2A.Z is enriched at the TSSs and is defined as being cell cycle-dependent because it is displaced during DNA replication and remains evicted in the M phase of mouse trophoblast stem cells (Soboleva et al., 2014) . In addition, H2A.Z is enriched within gene bodies, and the negative correlation between the deposition of H2A.Z and DNA methylation is well conserved in plants and animals (Zilberman et al., 2008; Conerly et al., 2010; Zemach et al., 2010) ; however, the global distribution of H2A.Z in other model plant genomes remains unknown.
H2A.Z recruitment is functionally involved in diverse genomic processes, such as transcriptional regulation, meiotic recombination, chromosome segregation, DNA repair and genome stability Henikoff, 2010, 2014; Deal and Henikoff, 2011; Soboleva et al., 2014; Weber and Henikoff, 2014a) . Compelling evidence suggests that the enrichment of H2A.Z at the TSS has a myriad of influences on transcription during eukaryotic development. In yeast, the deposition of H2A.Z is necessary for transcription, but is inversely correlated with transcription level (Guillemette et al., 2005; Zhang et al., 2005; Albert et al., 2007) ; however, H2A.Z occupancy positively correlates with transcriptional activity in mammalian genomes (Creyghton et al., 2008; Mavrich et al., 2008; Nekrasov et al., 2012; Hu et al., 2013; Mao et al., 2014) . In addition, H2A.Z deposition functions to regulate gene expression programs during mouse embryonic stem cell (ESC) differentiation by altering regional chromatin dynamics (Hu et al., 2013; Subramanian et al., 2013) , and H2A.Z also modulates the nucleosome barrier and influences RNA polymerase II elongation at the +1 nucleosome in Drosophila (Weber et al., 2014b) .
In Arabidopsis, a parabolic relationship was detected between H2A.Z deposition at the TSS and the corresponding gene transcription, where low levels of H2A.Z deposition correlated with the highest and lowest expressed genes, but where high levels of H2A.Z deposition correlated with mid-level gene expression (Zilberman et al., 2008; Coleman-Derr and Zilberman, 2012) . H2A.Z deposited in the bodies of genes negatively correlates with transcription in Arabidopsis (Kumar and Wigge, 2010; Coleman-Derr and Zilberman, 2012) . In addition, H2A.Z promotes the formation or processing of meiotic DNA double-strand breaks and is involved in the regulation of several developmental processes, immunity and environmental responses in Arabidopsis (Deal et al., 2005 (Deal et al., , 2007 March-Diaz et al., 2008; Kumar and Wigge, 2010; Smith et al., 2010; Coleman-Derr and Zilberman, 2012; Choi et al., 2013; Talbert and Henikoff, 2014; Jarillo and Pineiro, 2015) , including the regulation of metabolic gene clusters (Nutzmann and Osbourn, 2015) , the regulation of phosphate starvation and ethylene responses (Kumar and Wigge, 2010; Smith et al., 2010; Hu et al., 2011) , the coordination of thermosensory responses in Arabidopsis (Kumar and Wigge, 2010; Jarillo and Pineiro, 2015) and in Brachypodium distachyon (Boden et al., 2013) , and the control of meiotic crossover hot spots in Arabidopsis (Choi et al., 2013; Jarillo and Pineiro, 2015) . How H2A.Z nucleosome occupancy mediates differential gene expression in plants is still poorly understood, however.
Calli are totipotent and can be produced from a single differentiated cell. They can directly undergo organ formation or embryogenesis, during which time the cells can form an entirely new plant (Ikeuchi et al., 2013 ). An intermediate ratio of auxin and cytokinin can promote callus induction (Skoog and Miller, 1957) . In recent years, epigenetic research on calli has been reported. Genome-wide maps of DNase I hypersensitive (DH) sites in calli have been created, and a number of novel features are associated with Oryza sativa (rice) DH sites, including some epigenetic modifications reported to be important for dynamic responses during tissue culturing (Zhang et al., 2012b) . DNA methylation data for calli show that tissue culture procedures induce stable changes in DNA methylation in regenerated rice plants (Stroud et al., 2013) ; however, the regulation of H2A.Z deposition in calli-related genes is unclear.
In this study, we performed genome-wide profiling of H2A.Z in rice seedling and callus tissues using chromatin immunoprecipitation combined with high-throughput sequencing (ChIP-seq). We found that H2A.Z is significantly enriched at the 5 0 ends of active genes, whereas whole gene bodies with low expression levels are covered by H2A.Z. Our results demonstrate that the occupancy of H2A.Z is highly associated with H3 lysine 4 trimethylation (H3K4me3) and H3 lysine 27 trimethylation (H3K27me3) histone marks and DH sites in both callus and seedling tissues. Furthermore, we identified the differentially expressed genes in the calli and seedlings by comparing the transcriptomic data sets generated from both tissues, and we found that H2A.Z deposition negatively correlated with the expression of these genes, which suggests that H2A.Z probably participates in rice tissue development.
RESULTS

H2A.Z is enriched at the TSSs of genes in rice
To profile the global distribution of H2A.Z in the rice genome, we conducted ChIP-seq in seedling aerial parts using the antibody against histone H2A variant-H2A.Z, which was used to study the regulation of flowering time and endodormancy in Arabidopsis and Pyrus pyrifolia, respectively (Jegu et al., 2014; Saito et al., 2015) . There are three copies of genes encoding H2A.Z proteins (HTA705, HTA712 and HTA713) in the rice genome, which are phylogenetically gathered into a clade with four subclasses of H2A.Z proteins (HTA8, HTA9, HTA11 and HTA4) in Arabidopsis (Yi et al., 2006; Deal et al., 2007; Hu and Lai, 2015) . The results of multiple alignments also showed that rice H2A.Z proteins have a very high similarity with those in Arabidopsis ( Figure S1 ). In addition, we performed western blot experiments and the results demonstrated the effectiveness of this antibody against H2A.Z in rice ( Figure S2 ). Therefore, we confirmed that the H2A.Z antibody could efficiently recognize rice H2A.Z proteins. Uniquely aligned sequencing reads were categorized into six genomic subregions, promoter, 5 0 untranslated region (5 0 UTR), 3 0 UTR, exon, intron and intergenic region, based on the physical positions of the genes (Figure 1a) . To ensure the reproducibility of our data, we produced two biological replicates of the seedling tissues and observed that more than 92% of peaks overlapped between biological replicates (r = 0.95; Pearson correlation coefficient, PCC; Figure S3a ,b). We found that H2A.Z-related nucleosomes are primarily enriched in genic regions: for example, the percentage of identified H2A.Z peaks that were significantly distributed in the 5 0 UTR (P < 2.1e À320 ) and coding exon (P < 2.0e À321 ) accounted for 6.5 and 32.0% of the total peaks, respectively (Figure 1b,c) . Additionally, 22% of the H2A.Z peaks were distributed in intergenic regions (Figure 1b,c) . The profile of the H2A.Z distribution in rice was similar to that in Arabidopsis ( Figure S4a ), which was generated by re-analyzing a recently published H2A.Z ChIP-seq data set from Arabidopsis leaf tissue (Yelagandula et al., 2014) .
To further explore how H2A.Z is distributed around transcription start sites (TSSs) and transcription termination sites (TTSs), we plotted normalized sequencing reads along genic regions to create a meta-gene profile of H2A.Z. We found that H2A.Z was significantly enriched at the 5 0 end region right after the TSSs, and that there was a small peak located at the 3 0 end of the genes (Figure 1f ). In general, this distribution pattern around the gene body is very similar to the previous report in Arabidopsis (Figure S4b; Coleman-Derr and Zilberman, 2012; Deal et al., 2007; Yelagandula et al., 2014; Zilberman et al., 2008) . In addition, we also explored the distribution of H2A.Z along transposable element (TE)-related genes, which was lower than the H2A.Z signal of non-TE genes ( Figure S3c ). The conserved H2A.Z 0 distribution pattern at the TSSs of rice and Arabidopsis suggests that the deposition of H2A.Z-related nucleosomes at the TSS region might play a significant role in gene transcription regulation. To exploit the relationship between the gene expression levels and H2A.Z deposition in rice, we identified genes with different expression levels in rice seedling tissue using our RNA-seq data. Highly expressed genes were associated with a marked enrichment of H2A.Z at the 5 0 end, whereas inactive genes with low expression levels were covered by H2A.Z, which is consistent with the findings in Arabidopsis (Zilberman et al., 2008; Coleman-Derr and Zilberman, 2012 ; The statistical chance (percentage) that a H2A.Z peak, a histone modification peak, DH site, or transcript region on the x-axis exists in a given histone modification peak, DH site or transcript region on the y-axis. The transcript region is defined as 1-kb upstream and downstream of the TSS. (c) Heat map of H2A.Z, DH sites, H3K4me3 and H3K27me3 around the TSSs of all of the rice genes (from 1-kb upstream to 3-kb downstream regions of the TSSs). All of the rice genes were clustered using the k-means method on the basis of their enrichment of histone marks and DHS around the TSSs. (d) Expression levels of the genes from six clusters in (c). Yelagandula et al., 2014) . For the genes with low expression levels, we observed that H2A.Z was more likely to be deposited across the whole gene body (Figures 1g and S3e) . A relatively low level of H2A.Z enrichment was observed at the 5 0 -end regions of genes with either the highest or lowest expression levels in both rice and Arabidopsis (Figures 1g, S2e and S4c) . By calculating the average normalized density of gene bodies starting from 500 bp downstream of the TSSs, the relationship between H2A.Z enrichment at the 5 0 end and gene expression levels appeared to be parabolic, which is similar to previous studies described in Arabidopsis (Figures 1h and S4d; Coleman-Derr and Zilberman, 2012; Yelagandula et al., 2014; Zilberman et al., 2008) . All of the analyses above indicated that the deposition of H2A.Z is either correlated or negatively correlated with the corresponding gene expression, further suggesting that H2A.Z might play dual roles in gene expression.
To examine whether the differential expression of H2A.Z genes in different tissues has any impact on the deposition of H2A.Z in the corresponding tissues, we generated anti-H2A.Z-related ChIP-seq and RNA-seq callus data sets. A high consistency in ChIP-seq data sets was observed between biological replicates of calli (r = 0.89, PCC; Fig H2A.Z associates with H3K4me3 and H3K27me3, but not with DNA methylation either in callus or seedling tissues
The euchromatic histone mark H3K4me3 is highly associated with active gene expression, whereas the repressive histone mark H3K27me3 is responsible for gene silencing in the eukaryotic genome (Kouzarides, 2007; He et al., 2011; Lauria and Rossi, 2011; Zhang et al., 2012a) . We also conducted global profiling of the histone marks H3K4me3 and H3K27me3 in rice callus and seedling using the same tissue as used in the H2A.Z experiment (Table S1 ). H3K4me3 was positively correlated with gene expression and was enriched downstream of the TSSs; however, H3K27me3 was negatively correlated with gene expression and mainly enriched across the whole gene body.
To investigate the concurrence of H2A.Z, H3K4me3, H3K27me3 and DH sites in rice seedling and callus tissues, we employed a bootstrap method (repeated 1000 times) and found that H2A.Z was significantly correlated with H3K4me3 (77.7%) and DH sites (57.0%), compared with random genomic regions (Figures 2a and S5a) . A portion of the H2A.Z peaks overlapped with H3K27me3 (21.1%) as well. A similar trend was observed in seedling tissue (Figures 2b and S5b) , but fewer H3K4me3 marks (72.1%) and DH sites (50.3%), and more H3K27me3 marks (31.7%), were found to be associated with H2A.Z in the seedling than in the callus, which might be the result of the greater number of H2A.Z peaks in the seedlings.
Based on the combination of H2A.Z, DH sites and the two histone marks, which were distributed around the TSSs of all rice genes, we divided the genes into three different chromatin states: genes enriched with H2A.Z, H3K4me3 and DH sites, but not with H3K27me3 (green label; Figure 2c ); genes enriched with H2A.Z and H3K27me3, but with much fewer H3K4me3 and DH sites (red label in Figure 2c) ; and genes that are not enriched with any of these chromatin marks. Additionally, we determined the expression level of each cluster. Clusters with H2A.Z and H3K27me3 have relatively low expression levels, whereas clusters with H2A.Z, H3K4me3 and DH sites have high expression levels ( Figure 2d ). Thus, H2A.Z might act as a double-edged sword in the regulation of gene expression, being responsible for gene activation and gene repression. Moreover, H2A.Z showed a higher distribution than other chromatin features at the 3 0 end of the genes, which indicated that H2A.Z might play an important role around the TTSs (Figure S5c, d) .
Regions covered in DH sites are associated with less DNA methylation (Zhang et al., 2012b) . To explore the relationship between H2A.Z deposition and DNA methylation in rice, we integrated the publically available DNA methylation data sets (GSE42410) with similar growth conditions as our H2A.Z data sets from both callus and seedling (Stroud et al., 2013) . The growth conditions of the seedling tissue used for DNA methylation data (26/20°C under a 14-h light/10-h dark cycle) were similar to those used here (see Experimental procedures). To explore the distribution on the chromosome scale, we plotted these chromatin features in relation to gene density and transposon density along rice chromosome 4 in seedling. The result showed that H2A.Z, H3K4me3 and H3K27me3 were closely related to non-TE genes, whereas DNA methylation was associated with transposons ( Figure S6 ).
To explore the relationship of H2A.Z and DNA methylation around all rice genes, we employed the unsupervised k-means method (k = 3) to cluster all of the rice annotated genes and divided them into three groups with sizes ranging from 0.5 kb upstream of TSS to 3 kb downstream of TSS (Figure 3) . Genes in group 1 had a significantly higher DNA methylation level, but had depleted levels of H2A.Z in the promoter and the gene body. In group 2, H2A.Z was significantly enriched at the 5 0 end, downstream of the TSSs, whereas DNA methylation was depleted in the H2A.Z-deposited region and was highly enriched in the gene body. DNA methylation was also observed in group 3, in which H2A.Z was enriched across the gene body, but these genes were weakly expressed or completely demethylated.
H2A.Z possibly affects differential gene expression in callus and seedling
We detected a significant difference in H2A.Z deposition between seedling and callus. In two seedling biological replicates, 6526 genes with preferentially enriched peaks of high H2A.Z deposition were found, whereas 1852 genes with preferentially enriched peaks had a high H2A.Z deposition in biological replicates of callus (Figure 4a ). To exploit a potential relationship between the change in gene expression and the change in H2A.Z enrichment, we identified 4455 and 3835 genes that were significantly upregulated in callus and seedling, respectively. Through an integration analysis, we found that 68 genes that had greater H2A.Z depositions were upregulated in calli, whereas 415 genes were upregulated in seedlings (Figure 4b ). Among the genes with higher H2A.Z deposition in seedlings, 1570 genes were upregulated in the calli but 605 genes were upregulated in the seedlings (Figure 4b ). We used heat maps to exhibit the way in which H2A.Z, H3K4me3, H3K27me3 and DH sites were distributed around the TSSs of genes upregulated in the callus (Figure 4c ). Most genes were enriched with H2A.Z, H3K4me3 and DH sites, whereas only genes in cluster 2 showed a high degree of H3K27me3 enrichment. Among the genes not enriched with H3K27me3, the majority of the genes were highly enriched with H3K4me3 and DH sites, but the deposition level of H2A.Z in some genes was decreased. As expected, genes that were enriched with H3K27me3 contained lower levels of H3K4me3 and DH sites, but there was not much difference in H2A.Z deposition compared with genes with a lower prevalence of H3K27me3. For instance, the LOC_Os11g19060 locus (Arabidopsis ortholog BBM), which is more highly expressed in callus than in seedling (Figure 4d ), is enriched for H3K4me3 and DHSs in calli, but they are not enriched in seedlings: in contrast, it contains more H2A.Z and H3K27me3 in seedlings than in calli (Figure 4e ). In Arabidopsis, the BBM expression level in the seedling tissue of the arp6 mutant was higher than in the wild type (Figure 4f ). Similar phenomena were also found in the gene loci LOC_Os01g68370 (Arabidopsis ortholog ABI3; Figure S7a , b and c) and LOC_Os03g12950 (Arabidopsis ortholog ANT; Figure S7d ,e and f). In addition, we re-analyzed the expression data sets in the wild type and in the arp6 mutant that cannot deposit H2A.Z, and found 1418 and 388 orthologs from 1570 and 415 genes that had the opposite pattern of H2A.Z deposition and gene expression in calli and seedling, respectively (Table S2 ). The results showed that 694 and 153 of the 1418 and 388 orthologs, respectively, were significantly upregulated in the arp6 mutant, which indicated that these genes might be regulated by H2A.Z.
We further detected H2A.Z deposition in genes highly expressed in calli, but expressed at a middle level in seedlings. The average deposition levels in two H2A.Z replicates near the TSSs of these genes were opposite to their transcription levels (Figure 5a,b) . In addition, we observed a similar pattern in genes that were highly expressed in seedlings and expressed at a middle level in calli (Figure S8a, b) . To determine how these genes, which had contrasting levels of H2A.Z deposition and expression (mentioned in Figure 4b) , functioned in the vital activities of rice, we performed a gene ontology (GO) enrichment analysis using agriGO and determined the significant GO terms (false-discovery rate with P ≤ 0.05 as cut-off ; Figure 5c ; Du et al., 2010) . The enriched GO terms included environmental responses, dynamic regulation of chromatin structure and cell cycles. This suggests that the deposition of H2A.Z might be involved in the regulation of those biological processes. Meanwhile, the GO enrichment analysis of the genes that were highly expressed in seedlings, but had a low H2A.Z deposition around the TSSs, showed that the presence of H2A.Z is necessary for some rice developmental processes (Figure S8c ), including photosynthesis, multicellular organism development, response to stimulus, defense responses and homeostatic processes. analysis of a group of genes that were highly expressed, but that had low H2A.Z deposition levels around the transcription start sites (TSSs) in the callus tissue. (a) H2A.Z deposition near the TSSs of a set of genes in the callus and seedling. The deposition of H2A.Z in these genes was low in the callus but high in the seedling, near the TSSs. The expression levels in the callus were high (level 1-2, with the same expression level as presented in Figure 1i) , whereas in the seedling they were low (level 4-5, with the same expression level as presented in Figure 1f ). (b) Relative expression levels of the genes shown in (a) in the callus and seedling. (c) GO analysis of genes that were highly expressed but had low H2A.Z deposition levels around the TSSs in the callus tissue. The color of the circles indicates the user-provided P value; the size of the circles indicates the frequency of the GO term in the underlying Gene Ontology Annotation database (the circles representing more general terms are larger) and similar GO terms are plotted closer together in the plot. 
H2A.Z is associated with the DH sites that were preferentially enriched in callus and seedling
The DH sites are associated with specific histone modification patterns, and play an important role in gene expression and the systematic identification of the cis-regulatory DNA elements in rice and Arabidopsis (Zhang et al., 2012b, c) . H2A.Z was associated with DH sites (Figure 2c) , and thus we explored the distribution of H2A.Z around the DH sites that were preferentially enriched in seedlings and calli. We detected 9948 and 7425 preferentially enriched DH sites in calli and seedlings, respectively. Then, we divided the DH sites into four categories based on their locations relative to genes in calli and seedlings, respectively: (i) associated with promoter regions (2 kb upstream of the TSS); (ii) within genes; (iii) downstream from TTSs (0.5 kb downstream from TTS); and (iv) intergenic regions.
For callus preferentially enriched DH sites, we found that H2A.Z was deposited at the immediately adjacent regions of the DH sites in promoters, gene bodies and downstream regions of TTS (Figure 6a-c) . Moreover, H2A.Z was deposited at the regions immediately adjacent to callus preferentially enriched DH sites in seedlings (Figure 6e-h ). We then also explored the expression level of the genes associated with the callus preferentially enriched DH sites in callus and seedling. These DH site-related genes showed a greater expression level in calli (Figure 6i,j and k) . For the regions associated with seedling preferentially enriched DH sites, we found that H2A.Z was deposited at the regions immediately adjacent to promoters, gene bodies, downstream of TTSs and intergenic regions both in calli ( Figure S9a-d) and seedlings ( Figure S9e-h) . The expression data for genes associated with seedling preferentially enriched DH sites in the promoters showed a higher level in seedlings than in calli ( Figure S9i ). Similar expression patterns were observed in genes that were related to the DH sites located within genes and downstream from TTSs ( Figure S9j,k) . Thus, the recruitment of H2A.Z-related nucleosomes to the open chromatin may facilitate the regulation of differential gene expression.
DISCUSSION
Conservation of H2A.Z profiling in eukaryotic genomes
H2A.Z is evolutionarily conserved among eukaryotes from yeast to human, and shares only~60% sequence identity with the canonical H2A, suggesting that it may possess a function distinct from that of H2A. H2A.Z displays a unique genomic distribution and demarcates the TSS in S. cerevisiae (Albert et al., 2007) , Drosophila (Mavrich et al., 2008; Weber et al., 2014b) , Arabidopsis (Deal et al., 2007; Kumar and Wigge, 2010; Coleman-Derr and Zilberman, 2012; Yelagandula et al., 2014) and mammals (Barski et al., 2007; Ku et al., 2012; Hu et al., 2013; Mao et al., 2014) . In this study, we described the genome-wide maps of H2A.Z in rice. The TSSs of active genes were preferentially enriched with H2A.Z-containing nucleosomes, which is consistent with previous findings in other eukaryotic genomes. In addition, a large proportion of the H2A.Z peaks distributed across genic regions were observed in rice, and a similar profile was previously reported in Arabidopsis (Zilberman et al., 2008; Coleman-Derr and Zilberman, 2012) . Thus, the similar H2A.Z profile in rice and other eukaryotic species, from yeast to human, further confirmed that the global distribution of H2A.Z was well conserved among eukaryotes; however, subtle differences in the H2A.Z deposition exist between yeast, animals and plants (Weber and Henikoff, 2014a) . In yeast and animals, H2A.Z shows strong peaks upstream and downstream of the TSSs, whereas H2A.Z nucleosomes in the Arabidopsis and rice genomes are uniquely well positioned after the TSSs.
H2A.Z is enriched at the majority of the TSSs of RNA polymerase II-regulated genes in eukaryotes. In yeast, H2A.Z deletions lead to a slower elongation of RNA polymerase II, and the functional loss of H2A.Z leads to a developmental barrier and to increased environmental sensitivity (Jackson and Gorovsky, 2000; Wan et al., 2009; Sadeghi et al., 2011; Santisteban et al., 2011) . Similarly, H2A.Z modulates the nucleosome barrier to influence RNA polymerase II elongation at the +1 nucleosome in Drosophila and in mammals (Ku et al., 2012; Hu et al., 2013; Weber et al., 2014b) . Thus, the H2A.Z-pervasive deposition at the TSSs of eukaryotic genes might help the movement of RNA polymerase II by destabilizing the nucleosome blockage.
Effects of H2A.Z deposition on gene expression regulation and the relationship to other epigenetic features H2A.Z enrichment is associated with both gene activation and repression, indicating that H2A.Z deposition has a dual effect on gene expression among different species or even within a species. For example, H2A.Z occupancies positively correlate with animal gene activation (Creyghton et al., 2008; Mavrich et al., 2008; Nekrasov et al., 2012; Hu et al., 2013; Mao et al., 2014) , whereas the deposition of H2A.Z is negatively correlated with gene expression in yeast (Guillemette et al., 2005; Zhang et al., 2005; Albert et al., 2007) . In rice, genes with either the highest or the lowest expression levels displayed less H2A.Z enrichment at the 5 0 end, and a similar case was reported in Arabidopsis (Zilberman et al., 2008; Yelagandula et al., 2014) . Thus, the influence of H2A.Z on gene expression is context dependent; however, a negative correlation was observed in the presence of H2A.Z within gene bodies, suggesting that H2A.Z might play distinct functions in promoter and gene bodies. In Arabidopsis, the existence of H2A.Z-containing nucleosomes at TSSs mainly influences the expression of responsive genes, whereas the gene bodyrelated deposition of H2A.Z might contribute to the variability of gene expression (To and Kim, 2014) .
Through its integration with histone marks, H2A.Z plays an important role in controlling the gene expression involved in a series of biological processes, including Figure 6 . Distribution of H2A.Z, H3K4me3 and H3K27me3 around callus preferentially enriched DNase I hypersensitive (DH) sites in callus (a-d) and seedling (eh), respectively. Callus preferentially enriched DH sites were divided into four categories: DH sites located in promoters (a and e); DH sites located within genes (b and f); DH sites located in 0.5 kb downstream of TTS (c and g); and DH sites located within intergenic regions (d and h). The y-axes represent normalized ChIP-seq reads density. The x-axes represent the distribution of H2A.Z, H3K4me3 and H3K27me3 around the peak center of DH sites located in promoters (a and e), DH sites located within genes (b and f), DH sites located in the 0.5 kb downstream of TTS (c and g) and DH sites located within intergenic regions (d and h). Arrows represent the direction of gene transcription. The expression levels of the genes that were associated with the DH sites located in promoters (i), genes (j) and 0.5 kb downstream of TTS (k) were also plotted. development, tissue specification, and environmental and genetic perturbations (Subramanian et al., 2015) . In mouse ESCs and human cancer cell lines, H2A.Z strongly correlates with the active mark H3K4me3 and the repressive mark H3K27me3 (Ku et al., 2012; Valdes-Mora et al., 2012) , indicating that the presence of H2A.Z has the opposite consequences in controlling gene expression. Similarly, we observed that H2A.Z promiscuously co-localizes with genomic loci enriched for H3K4me3 and DH sites, which are active marks positively correlated with gene transcription in eukaryotes. The H2A.Z enrichment is also detected at promoter regions containing H3K27me3 marks, however. Our results suggests that differentially expressed genes may be regulated through H2A.Z deposition in combination with either H3K4me3 or H3K27me3 marks, further indicating that the H2A.Z deposition has dual influences on gene transcription within the genome. In addition, the appearance in different locations between DNA methylation and H2A.Z deposition was observed, which was similar to the previous finding in Arabidopsis (Zilberman et al., 2008) . Collectively, H2A.Z functions as a molecular sensor that regulates chromatin states involved in controlling the gene transcription responsible for different biological events in eukaryotes, including mammals and plants.
H2A.Z is involved in differential gene expression
In mammalian genomes, H2A.Z plays broad roles in the regulation of genes related to development and disease. For example, TSS-related H2A.Z deposition contributes to gene transcriptional changes in mammalian liver and brain (Bargaje et al., 2012), ESCs self-renewal and differentiation (Hu et al., 2013; Subramanian et al., 2013) , and B-cell lymphomagenesis (Conerly et al., 2010) . In Arabidopsis, H2A.Z is associated with DNA metabolism and meiosis (Costas et al., 2011; Rosa et al., 2013) . The effects of H2A.Z on tissue specification have not been extensively investigated in plant genomes, however. In our study, we observed that the deposition of H2A.Z is negatively correlated with tissue differentially expressed genes. For example, genes with high expression levels in one tissue are more inclined to have lower depositions of H2A.Z than other tissues, indicating that H2A.Z is involved in differential gene expression in rice.
Rice callus and seedling tissues represent two completely different differentiation statuses. Calli act as a kind of undifferentiated pluripotent stem cell, whereas seedling tissue contains a number of differentiated tissues with specific identities, which have already started developmental progress and are preparing for photosynthesis. The negative correlation between H2A.Z deposition and tissue-related differentially expressed genes might play a critical role in the maintenance of the identities of callus and seedling tissues. In the callus, GO analysis showed that genes regulated by H2A.Z may be related to environmental responses, chromatin assembly and cell cycle. Genes regulated by H2A.Z deposition in the seedling may be related to photosynthesis and developmental processes. GO terms with environmental responses are also significantly enriched in seedling tissue. In Arabidopsis, genes with H2A.Z deposition patterns are related to environmental responses (Coleman-Derr and Zilberman, 2012) . Thus, we propose that H2A.Z might be required for regulating developmental transitions in rice.
H2A.Z appeared around the preferentially enriched DH sites
Almost all of the cis-regulatory elements have been shown to be marked by DH sites, including promoters, enhancers and suppressors (Gross and Garrard, 1988) . DH sites are depleted of bulk nucleosomes and are tightly associated with transcription factors or RNA polymerase II binding sites (Zhang et al., 2012c) . In rice and Arabidopsis most DH sites are distributed at the promoter regions, upstream of the TSSs; however, some DH sites are also enriched within genes, downstream of TTSs and intergenic regions. H2A.Zassociated nucleosomes were found around the preferentially enriched DH sites not only in calli but also in seedlings. In mammals, DH sites and H2A.Z are connected through enhancer activity (Ku et al., 2012; Dalvai et al., 2013; Hu et al., 2013) . There have been no reports on the relationship between H2A.Z and enhancer activity in plants, but our results showed a close connection between DH sites and H2A.Z, and~16-21% of H2A.Z peaks were deposited at intergenic regions. We also found that H2A.Z was distributed around the preferentially enriched DH sites located in intergenic regions in calli and seedling. These appearances may indicate that the cis-regulatory elements associated with DH sites might cooperate with H2A.Z to affect gene expression in plant genomes.
In general, our results suggest that H2A.Z is deposited around the TSSs of the genes and plays an essential role in gene transcription activity in rice by cooperating with other epigenetic marks. We speculated that the distribution pattern of H2A.Z around the TSSs might be important for dynamic changes in chromatin structure. The deposition of H2A.Z might be inversely correlated with gene activity in a comparison between callus and seedling. Importantly, the genes that were negatively regulated by H2A.Z were crucial for callus development. Similar H2A.Z deposition maps from other tissues or cell types may be useful in determining the epigenetic regulation of preferentially expressed genes, and might help to establish the importance of H2A.Z in plant development.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of rice ('Nipponbare') were germinated in water for 3 days at 35°C, and then grown in the glasshouse for 19 days (12 h light and 12 h dark, 28/26°C). The aerial parts from seedlings were used for ChIP and RNA isolation. Rice callus tissue was induced from sterilized 'Nipponbare' seeds in rice callus induction medium at 28°C for 30 days.
Immunoblotting analysis
The nuclei from seedling and callus tissues were purified by sucrose density gradient centrifugation, and nuclear proteins were isolated by protein extraction buffer (10 mM HEPEs, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100 and PMSF). Extracted proteins mixed with loading buffer were boiled for 5 min. 12% SDS-PAGE gels were used to separate proteins, and then blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, 0.22 lm). The membranes were blocked in blocking buffer [5% milk dissolved in 1 9 TBST (Tris Buffered Saline with Tween 20)] at room temperature (24°C) for 2 h. The membranes were incubated overnight at 4°C with anti-H2A.Z (ab4174; Abcam, http://www.abcam.com) or anti-H2A (ab18255, Abcam) in blocking buffer. After washing three times in TBST for 10 min each, the membranes were incubated for 2 h at room temperature with horseradish peroxidase-labelled goat antirabbit diluted 1/5000. The membranes were washed three times in TBST and incubated for 1 min in electrochemiluminescence (ECL) (34095; ThermoFisher Scientific, http://www.thermofisher.com). The signals were then displayed by X-OMAT BT film in a darkroom.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described previously, with minor modifications (Nagaki et al., 2003) . Approximately 15 g of tissue was homogenized to a fine powder in liquid nitrogen and re-suspended in TBS [10 mM Tris, pH 7.5, 3 mM CaCl 2 , 2 mM MgCl 2 , 0.1 mM PMSF, 2/5 tablet of complete mini (Roche Applied Science, http://lifescience.roche.-com) with 0.5% Tween 40]. The nuclei were purified in a sucrose gradient and digested by micrococcal nuclease (MNase; SigmaAldrich, http://www.sigmaaldrich.com). The nucleosome samples were first incubated with pre-immune rabbit serum (1 : 100 dilution) and then with 4% protein A Sepharose (GE Healthcare life Sciences, http://www.gelifesciences.com) for 2 h, after which they were centrifuged. The supernatant was incubated with anti-H2A.Z (ab4174; Abcam), anti-trimethyl-histone H3 (Lys 4) (H3K4me3; 07-473; Merck Millipore, http://www.merckmillipore.com) and anti--trimethyl-histone H3 (Lys 27) (H3K27me3; 07-449; Millipore) antibodies at 4°C overnight. An equal quantity of pre-immune rabbit serum, which served as a non-specific binding control in each ChIP experiment, was used in the control experiments. The samples were incubated with 25% protein A Sepharose at 4°C for 2 h. After centrifugation, the pellet (bound) fractions were subjected to a series of washes and the immune complexes were eluted from the washed beads using elution buffer. Immunoprecipitated DNA was extracted using phenol/chloroform and precipitated with ethanol.
Two biological replicates treated with antibodies (treatment) and two replicates with a mock treatment (control) were used in each ChIP experiment. ChIP sequencing experiments were undertaken only when the two treatment samples both showed significant differences compared with the control samples after quantitative real-time PCR. Quantitative real-time PCR analysis of ChIPed DNA was performed on an Applied Biosystems 7500 Real Time PCR System in order to determine the relative fold enrichment of modified histone-associated sequences in the bound fractions. The gene-specific primers were the same as those used in the gene relative expression experiment. Relative fold enrichment (RFE) was calculated as 2 ÀDDCT AE standard deviation (SD), where DDCT = DCT (positive control)-DCT (negative control).
ChIP-seq and DNase-seq data analysis
For ChIP-seq, ChIPed DNA was used for library construction and sequencing by the Beijing Genomics Institute. The DNase-seq data were downloaded from the Gene Expression Omnibus (GSE26610; Zhang et al., 2012b) . Sequence reads were mapped to the reference genome of rice (MSU Rice Genome Annotation Release 6.1) using BOWTIE 2 (Langmead and Salzberg, 2012) under default parameters. The MACS program was used to shift the reads to identify peaks and convert the data to wiggle (WIG) format (bandwidth, 300 bp; model fold, 10, 30; P = 1.00e
À5
; Zhang et al., 2008) . WIG files were visualized with the UCSC genome browser (http://structuralbiology.cau.edu.cn/cgi-bin/hgTracks; Kent et al., 2002) . Reads can be aligned with the reference genome and peak numbers are shown in Table S1 . The distribution of peaks identified in the ChIP-seq and DNase-seq data along the rice genome were characterized using CEAS software (Shin et al., 2009) . After the positions of the peaks were determined, genes (including the 2-kb upstream and gene body regions) overlapping the peaks were considered to have the epigenetic marks.
We defined an existence if two peaks from different chromatin features overlapped. If an overlap is found, the BEDTOOLS intersect reports the shared interval between the two overlapping features. For bootstrap analysis, we used BEDTOOLS to obtain the random genomic regions repeatedly (1000 times), and then used these regions to determine a distribution of expected overlaps. Then, we worked out the P value of the actual overlap based on the distribution of the random regions by employing the Z-score transformation normalization method.
RNA-seq and data analysis
All of the samples were homogenized in liquid nitrogen before RNA isolation. Total RNA was isolated using TRIZOL â reagent (Invitrogen, now ThermoFisher Scientific) and purified using Qiagen RNeasy columns (Qiagen, http://www.qiagen.com). Sequencing libraries were constructed by the Beijing Genomics Institute and sequenced using an Illumina HiSeq TM 2000, following standard protocols.
The RNA-seq data were mapped to the reference genome of rice using TOPHAT 2.0.10 (Trapnell et al., 2009) , with default parameters. CUFFLINKS was used to calculate expression levels using default parameters (Trapnell et al., 2010) . The gene expression levels were normalized by gene length and read numbers to calculate FPKM values (fragments per kilobase of transcript per million mapped reads). Genes with an expression fold change >2 were defined as differentially expressed.
The Singular Enrichment Analysis (SEA) tool in AGRIGO (Du et al., 2010) was applied for GO enrichment analysis of the selected gene list, with default parameters. The GO enrichment analysis was presented by the REVIGO (Supek et al., 2011) tool, with its default parameters for the O. sativa GO term background.
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